Abstract Vegetable oil is not only important for its edibility but for industrial purposes. High-oleic vegetable oil is especially useful for making biodiesel because it is highly stable against oxidation. Transgenic oilseed crops with modified fatty acid compositions have been developed with several biotechnological gene-silencing methods. The seed oils with the most successfully altered fatty acid compositions are produced from high-oleic oilseed crops in which FAD2 gene expression is suppressed. Vegetable oil from oilseed rape (Brassica napus) is one of the most commonly used vegetable oils throughout the world and its oleic acid content is moderately high (about 65 %). Therefore, oilseed rape can be modified to produce higholeic oilseed crops. Oilseed rape has four FAD2 genes, originating from B. rapa and B. oleracea, with nucleotide identities of 88-97 %. To produce transgenic high-oleic oilseed rape, plant transformation vectors were constructed using antisense RNA and RNA interference (RNAi) to modify the BrFAD2-1 gene, and canola-type cultivar Youngsan was transformed with Agrobacterium carrying the vectors. The transgenic lines generated, AS9A, HP15, and HPAS29, showed high-oleic phenotypes, which were stably inherited. Their oleic acid contents increased from 67 (Youngsan) to 78, 85, and 86 %, respectively, and their polyunsaturated fatty acid (PUFA) contents decreased from 24 (Youngsan) to 13, 8, and 6 %, respectively. HPAS29, developed with a combined antisense RNA-RNAi method, produced seed oil with the highest oleic acid and lowest PUFA contents. These transgenic high-oleic oilseed rapes could be useful in the manufacture of high-temperature frying oils and high-quality biodiesel fuel.
Introduction
The fatty acids in plants are synthesized from acetyl-CoA in the plastid and become the components of lipids, including polar lipids and neutral lipids (Ohlrogge and Browse 1995) . In general, the major parts of plant lipids are polyunsaturated fatty acids (PUFAs), such as linoleic acid (LA; 18:2D 9, 12 ) and a-linolenic acid (ALA; 18:3D 9, 12, 15 ). LA is synthesized by the desaturation of oleic acid by microsomal oleate D12-desaturase, commonly called fatty acid desaturase 2 (FAD2; Okuley et al. 1994) .
High-oleic vegetable oils are stable against oxidation and are unlikely to be acidified, so they are suitable as foods and for industrial uses, including as high-temperature frying oils and in the production of biodiesel fuel (Warner and Knowlton 1997; Graef et al. 2009 ). Several biotechnological techniques that downregulate the expression of specific genes have been developed, such as antisense RNA (Ecker and Davis 1986) , RNA interference (RNAi; Fire et al. 1998) , and cosuppression (Napoli et al. 1990) , and the fatty acid compositions of seed oils have been altered with these methods. The FAD2 gene is particularly useful in lipid biotechnology, and the suppression of its expression has been used to develop high-oleic oilseed crops. Transgenic plants producing high-oleic seed oils have been generated by the suppression of FAD2 expression with antisense RNA (Buhr et al. 2002; Sivaraman et al. 2004; Jung et al. 2011) , cosuppression (Buhr et al. 2002; Stoutjesdijk et al. 2000) , RNAi Stoutjesdijk et al. 2002; Peng et al. 2010) , and combined antisense RNA-RNAi (Nguyen and Shanklin 2009) .
Vegetable crops of the genus Brassica are commercially very important throughout the world. Rapeseed oil from B. napus, in particular, is one of the most important vegetable oils in the world. Conventional rapeseed oil contains erucic acid (22:1D 13 ), which accounts for about 50 % of its fatty acids, and also glucosinolates, another antinutritional compound. The ingestion of erucic acid causes human heart disease. Canola, a B. napus variety that has little erucic acid or glucosinolates, was developed with mutation breeding (Stefansson et al. 1961) . The oleic acid content of canola oil is increased by about 60-70 %, and its erucic acid content reduced (Katavic et al. 2002) . Therefore, canola-type B. napus is an appropriate host plant for the development of an oilseed crop with high-oleic seed oil.
Brassica napus is an allotetraploid plant, derived from the hybridization of B. rapa and B. oleracea (Nagaharu 1935) , so it has four FAD2 genes, two each from B. rapa and B. oleracea (Lee et al. 2013) . All the FAD2 genes from B. rapa and B. oleracea are expressed in all tissues, but the expression of one FAD2 gene is particularly strong and that of another is weak. In addition, FAD2 gene weakly expressed in B. rapa was mutated, and the function was lost (Lee et al. 2013) .
In this study, transgenic high-oleic oilseed rape lines were developed with the seed-specific suppression of FAD2 expression. Three vectors with different modes of suppression were constructed from BrFAD2-1, its intron, and the 3 0 -untranslated region (3 0 -UTR) of its mRNA, to generate transgenic high-oleic (up to 86 %) oilseed rapes. We anticipate that the transgenic high-oleic oilseed rapes developed in this study will produce useful oils for food and industrial purposes.
Materials and methods

Plant material
For oilseed rape transformation, the canola-type cultivar of B. napus, Youngsan, with a moderately high-oleic acid content (about 65 %), was chosen. Youngsan seeds were kindly provided by Dr. Kwang-Soo Kim of the Bioenergy Crop Research Institute, National Institute of Crop Science, in Muan, the Republic of Korea.
Preparation of genomic DNA and PCR-based gene cloning
To prepare the genomic DNA, we followed the protocol of Dellaporta et al. (1983) . To clone the BrFAD2-1 gene, PCR was performed using KOD ? DNA polymerase (Toyobo, Japan) and the BrFAD2-1-gene-specific primers. PCR cycling parameters were as follows: 94°C for 5 min, 30 cycles of 94°C for 20 s, 54°C for 30 s, and 72°C for 1 min, with an additional extension at 72°C for 5 min. The primer sequences and amplicon sizes are listed in Table 1 .
Vector construction
The pCAMBIA3300 vector containing the phosphinothricin acetyltransferase (PAT) gene as the plant selection marker gene was used to construct the plant transformation vector. Three strategies were used to suppress the expression of the BnFAD2 genes, antisense RNA, hairpin RNAi, and combined antisense RNA-RNAi (Nguyen and Shanklin 2009 ). The BrFAD2-1 gene (GenBank accession no. JN859550), its intron, and 3 0 -UTR (GenBank accession no. HM189213) were used to suppress BnFAD2 expression. Before subcloning into pCAM-BIA3300, the pBI221 vector was used to construct a cassette. The cauliflower mosaic virus 35S promoter was replaced with the seed-specific napin promoter from B. napus (Rask et al. 1998) by inserting it between the HindIII and BamHI sites of pBI221. The final vector was designated pBnNapin-GUS. To insert BrFAD2-1 in an antisense orientation, BrFAD2-1 was amplified with primers containing the BamHI and SacI restriction sites and inserted between the BamHI and SacI sites in pBnNapin-GUS. The constructed cassette was digested with HindIII and EcoRI and inserted into the multiple cloning site (MCS) of pCAMBIA3300, and the final vector was designated pBrFAD2-AS. To construct the RNAi and combined antisense RNA-RNAi vectors, the cassette in pBnNapin-GUS was digested with HindIII and EcoRI and inserted into the MCS of pCAMBIA3300. The amplified intron of BrFAD2-1, amplified with primers containing BamHI and SacI sites, respectively, was inserted between the BamHI and SacI sites. This vector was designated pBrFAD2-intron. A fragment (219 bp) of the BrFAD2-1 3 0 -UTR was amplified with primers containing BamHI or SacI sites both ends of the intron, respectively, and inserted into pBrFAD2-intron. This vector was designated pBrFAD2-HP. The intron in pBrFAD2-HP was removed with XbaI and SpeI, and BrFAD2-1 was inserted between these sites in an antisense orientation. This vector was designated pBrFAD2-HPAS. These three vectors, pBrFAD2-AS, pBrFAD2-HP, and pBrFAD2-HPAS, were used for transformation and are illustrated in Fig. 1 .
Oilseed rape transformation
The surfaces of rapeseeds were sequentially sterilized with 70 % ethanol for 4 min and with commercial bleach dilu- The plantlets whose root had grown well were transplanted into small pots containing culture soil, covered with a transparent plastic bag, and acclimated for 1 week. The plastic bags were then removed and the transgenic plants were transferred into a greenhouse.
Selection and cultivation of transgenic oilseed rape
Genomic PCR with the Napin H3 and NOS R primers (Table 1 ) was used to detect transgene containing from napin promoter to nos terminator in the transgenic oilseed rape plants. The PCR conditions were basically the same as those described above, except that the cycling parameters included 35 cycles in which the extension reactions were 2 min 30 s, 2 min, and 3 min 30 s for AS, HP, and HPAS, respectively. The PAT ImmunoStrip Ò (Agdia, USA) were used to select the regenerated transgenic plants (T 0 ) containing the PAT gene in vitro. 0.3 % (v/v) Basta (Bayer CropScience, Republic of Korea) was sprayed onto the 2-week-old T 1 plants to select the transgenic plants. To induce flowering, transgenic oilseed rape (T 0 ) or Bastatreated T 1 or next-generation plants were grown for 3 weeks in a growth chamber at 22°C under a 16:8 h (light:dark) photoperiod, vernalized for 6 weeks in a 4°C chamber, and transferred to a greenhouse.
Fatty acid analysis
Ten seeds were crushed with a rigid stick in glass tube for lipid extraction. The samples were transmethylated at 85°C for 90 min in 0.3 ml of toluene and 1 ml of 5 % H 2 SO 4 (v/v) in methanol. After transmethylation, 1.5 ml of 0.9 % NaCl solution was added, and the fatty acid methyl esters (FAMEs) were extracted with 0.5 ml of n-hexane. The FAMEs were analyzed with gas chromatography (GC) on a GC-2010 Plus Gas Chromatograph (Shimadzu, Japan) with a 30 m 9 0.25 mm (inner diameter) HP-FFAP column (Agilent, USA) while the oven temperature was increased from 190 to 230°C at 3°C/min. Nitrogen was used as the carrier gas at a flow rate of 1.4 ml/min.
Analysis of genomic DNA sequences flanking the Agrobacterium transfer DNA (T-DNA)
Adaptor-ligation PCR (AL-PCR) was used to investigate the genomic DNA flanking the T-DNA sequence. The genomic DNA (500 ng) was digested with 2 U HaeIII or MspI and ligated with 50 lM adaptor using 5 U T4 DNA ligase at 37°C for 1 h. The adaptor was prepared by annealing the same molar concentrations of two adaptor sequences (5 0 -TAATACGACTCACTATAGCAATTAAC CCTCACTAAAGGGA-3 0 and 5 0 -TCCCTTTAG-3 0 ). The adaptor-ligation product (1 ll) and 1 ll of the first PCR product (diluted 100-fold) were used as the template DNA in the first and second PCRs, respectively. Then, 0.5 lM each primer was added to the PCR premix tube (Bioneer, Republic of Korea). The cycling parameters were denaturation of the DNA at 94°C for 5 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min, with a final additional extension at 72°C for 10 min. The PCR products were purified and sequenced. The sequence of the amplified DNA was analyzed with National Center for Biotechnology Information BLAST program (http://www.ncbi.nlm. nih.gov/BLAST/Blast.cgi) and the Brassica database (http://brassicadb.org/brad/). The primer sequences used in this experiment are listed in Table 1 .
Results and discussion
Strategy for FAD2 suppression in oilseed rape
Three gene-silencing methods, antisense RNA, RNAi, and combined antisense RNA-hairpin RNAi (Nguyen and Shanklin 2009) , were used to suppress the expression of the BnFAD2 genes. With combined antisense RNA-hairpin RNAi, FAD2 expression is simultaneously suppressed with both techniques, which may be more efficient than using either technique alone. To minimize any physiological changes caused by the suppression of FAD2 expression, gene suppression was driven by the seed-specific napin promoter (Fig. 1) .
The canola-type cultivar Youngsan was used as the host plant for FAD2 suppression by vector transformation. This cultivar has a moderately high-oleic acid content (about 65 %) in its seeds arising from a mutation in Fatty acid elongation 1 (FAE1), which catalyzes the continuous synthesis of 20:1D 11 and erucic acid (22:1D 13 ) from oleic acid in the seeds. Because this mutation of the FAE1 gene confers a moderately high-oleic acid content by blocking the synthesis of 20:1D 11 from oleic acid, this mutant is a suitable basis upon which to further increase oleic acid production by blocking the sole pathway from oleic acid to LA, which is catalyzed by FAD2 (Fig. 2) .
The nucleotide identities between the BrFAD2-1 (BnFAD2-1) gene and other BnFAD2 genes range from 88.2 to 97.2 % (Lee et al. 2013) . Therefore, BrFAD2-1-directed suppression could be sufficient to downregulate the expression of the all FAD2 genes in the developing rapeseed lines because the nucleotide identities among the BnFAD2 genes are so high.
Selection of transgenic oilseed rapes
To obtain transgenic oilseed rape lines with high levels of oleic acid in their seeds, Youngsan was transformed with Agrobacterium carrying pBrFAD2-AS, pBrFAD2-HP, or pBrFAD2-HPAS. Thirty-nine BrFAD2-AS, 34 BrFAD2-HP, and 38 BrFAD2-HPAS transformants (T 0 ) were identified with genomic PCR (Fig. 3) and the PAT ImmunoStrip. However, the fatty acids in the seed oil could only be analyzed in the T 1 seeds of 16 BrFAD2-AS, five BrFAD2-HP, and nine BrFAD2-HPAS transformants, because many of the transgenic oilseed rape plants were infertile or did not survive injury by the diamondback moth (Plutella xylostella).
Fatty acid analysis of T 1 seeds
To confirm that transgenic plants contained high levels of oleic acid in their seeds, a fatty acid analysis of the T 1 seeds was performed with GC. The fatty acid analyses showed that the oleic acid contents were [73 % in seven BrFAD2-AS, one BrFAD2-HP, and two BrFAD2-HPAS transgenic oilseed rape transformants (Fig. 4) . These 10 transgenic lines also had reduced PUFA contents, suggesting that all FAD2 expression was suppressed in the seeds. Fifteen transgenic lines contained about 63-73 % oleic acid. However, five transgenic lines showed unexpectedly reduced oleic acid contents and increased PUFAs contents (data not shown). Further analysis is required to determine why this reduction in oleic acid occurred.
Selection of high-oleic oilseed rape lines from generation to generation
All the T 1 transgenic plants were screened with Basta. The fatty acids in the T 2 seeds from 10 progeny plants from each of the AS2, AS9A, AS12, AS17A, AS25, AS28, AS35 (BrFAD2-AS), HP15 (BrFAD2-HP), HPAS14, and HPAS29 (BrFAD2-HPAS) lines were analyzed. The progeny of AS12 were infertile or produced few seed for analysis. The oleic acid contents in the seeds of 10 progeny each of AS25, AS28, and HPAS14 were around 60 %, lower than that of the T 1 seeds. The oleic acid contents of the seeds of 10 progeny plants each of AS2, AS17A, and AS35 were about 67 %, Suppression by antisense RNA, RNAi, and antisense RNA+RNAi FAE1 Fig. 2 Pathway and enzymes involved in fatty acid synthesis in the seeds of canola-type Brassica napus cultivar Youngsan. FAD2 fatty acid desaturase 2, FAD3 fatty acid desaturase 3, FAE1 fatty acid elongation 1. The pathway in the gray rectangle does not function after the mutation of FAE1 in the seeds of canola-type oilseed rape. The line above FAD2 indicates the suppression strategies used in this study Fig. 3 Genomic PCR of the transgenic oilseed rape lines with the Napin H3 and NOS R primers. AS, HP, and HPAS are the transgenic oilseed rape lines created with the pBrFAD2-AS, pBrFAD2-HP, and pBrFAD2-HPAS vectors, respectively. NC negative control.
Youngsan was the host cultivar for transformation. PC indicates the positive control for each vector used for transformation. Numbers under AS, HP, and HPAS indicate individual transgenic oilseed rape plants similar to that of Youngsan but lower than that of the T 1 seeds (data not shown). It is likely that the transgenes in these lines did not work in the next generation of transgenic plants. The oleic acid contents of the T 2 seeds of AS9A, HP15, and HPAS29 were the same or higher than those of the T 1 seeds, indicating that the FAD2 genes were stably silenced. The fatty acid contents of the T 3 seeds of the progeny of AS9A-1, AS9A-7, HP15-1, HP15-4, HP15-5, HP15-6, HPAS29-1, HPAS29-2, HPAS29-4, and HPAS29-5, which had the highest oleic acid contents in their seeds, were analyzed (Fig. 5) . The oleic acid contents of most T 3 seeds were higher than those of the T 2 seeds (Fig. 5) .
Fatty acid profiles of high-oleic oilseed rape lines
To demonstrate that the elevated oleic acid contents resulted from a reduction in the PUFA (18:2 ? 18:3) contents of the high-oleic oilseed rape lines, the fatty acid profiles of the high-oleic oilseed rape plants were analyzed ( Table 2 ). The oleic acid contents of the high-oleic oilseed rape plants were 10.20-19 .47 % higher than that of Youngsan (66.87 %), whereas the PUFA contents of the high-oleic oilseed rape lines were 9.39-18.61 % lower than that of Youngsan (24.36 %) . Oleic acid was increased as the nearly same proportion of PUFA reduction in the higholeic acid oilseed rape, as expected. The difference of approximately 1 % was attributable to the reduction in saturated fatty acids (16:0 ? 18:0) in the high-oleic oilseed rape (Table 2 ). This phenomenon reflects the limited biosynthesis of saturated fatty acids when the degree of unsaturation is reduced by the lower PUFA content in the high-oleic rapeseeds. Jung et al. (2011) reported that the oleic acid and PUFA contents of BrFAD2-1-antisense transgenic oilseed rapeseed oil were 78 and 13 %, respectively. These results are the same as those for AS9A-7-2 ( Table 2 ). The oleic acid and PUFA contents in the seed oil from oilseed rape in which FAD2 gene expression was suppressed with RNAi were 85 and 10 %, respectively (Peng et al. 2010 ). This oleic acid content is almost the same as that of HP15-6-3, but the PUFA content is higher than that of HP15-6-3 (7.61 %; Table 2 ). Nguyen and Shanklin (2009) reported that the PUFA levels in Arabidopsis transformed with antisense RNA, RNAi, or combined antisense RNA-RNAi directed against the AtFAD2 gene were reduced from 43.4 % in the Col-0 Arabidopsis ecotype to 18.9, 9.4, or 7.2 %, respectively, and that their proportion of oleic acid increased from 15.2 % in Col-0 to 44.3, 56.9, or 61.7 %, respectively. The proportion of PUFAs in Col-0 transformed with the combined antisense RNA-RNAi directed against the AtFAD2 gene was similar to that of Fad2-2 Arabidopsis (7.5 %). The oleic acid content of Col-0 was lower than that of B. napus because the seed oil of Col-0 has about 22 % C20-22 fatty acids. Our results show a lower PUFA level (5.76 %) than that reported by Nguyen and Shanklin (2009) (7.2 %) ( Table 2 ). The seed oil of the transgenic high-oleic oilseed rape lines obtained by cosuppressing the FAD2 genes showed 89 % oleic acid and 4 % PUFA (Stoutjesdijk et al. 2000) , and these oleic acid and PUFA contents are slightly higher and lower than those of HPAS29, respectively.
Determination of the T-DNA integration site in higholeic oilseed rape lines
To confirm the integration site of the T-DNA including the PAT gene and the cassette for BnFAD2 genes suppression, the genomic DNA sequences flanking the T-DNA were determined with AL-PCR (Mueller and Wold 1989; Wang et al. 2007) , as described in the Materials and Methods. Ten transgenic oilseed rape lines with oleic acid contents [73 % (described above) were analyzed to determine their T-DNA integration sites. Eight transgenic oilseed rape lines, excluding AS9A and HPAS29, contained the outside DNA fragment of T-DNA in their genomes. The T-DNA was integrated into intergenic regions in two of the eight (Table 3) , but AS9A produced a positive result in the PAT ImmunoStrip assay. This suggests that the T-DNA of AS9A was only truncated in the left border region. Two T-DNAs were integrated into a short segment (540 bp) of the A5 chromosome in HPAS29 (Table 3) . Two additional sequences were found outside the left border, but the results were ambiguous, and no sequence was found outside the right border. To resolve these problems, additional T-DNA-flanking sequences should be determined and genotyped.
In this study, the oleic acid content of the seed oil from oilseed rape lines transformed with one of three vectors, suppressing the expression of the BnFAD2 genes with either antisense RNA, RNAi, or combined antisense RNARNAi, was up to 86 % of the total fatty acids. The seed oil of HPAS29, developed with the combined antisense RNARNAi method, had the highest oleic acid content and the lowest PUFA content. Three transgenic lines stably transmitting the high-oleic trait to subsequent generations were selected. Analysis of the T-DNA integration site showed that AS9A and HPAS29 contained no vector backbone fragment. These high-oleic transgenic oilseed rape lines should be useful in the manufacture of high-temperature frying oils and high-quality biodiesel fuel. 
